I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

Radiation therapy (RT) is an indispensable therapeutic approach in the treatment of most malignant lesions. In RT, dosimetric differences or errors between the planned and delivered radiation doses may have an impact on the intended clinical outcome. Each of the several steps involved in the radiotherapy process may introduce an uncertainty.\[[@ref1]\] Accurate dose delivery and techniques to monitor patient radiation doses are, therefore, a necessity for good treatment outcome.\[[@ref2][@ref3][@ref4][@ref5]\] An independent and straightforward method to verify or monitor the actual radiation dose given to patients treated with RT is by means of *in vivo* dosimetry (IVD).\[[@ref2][@ref3][@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12]\] For IVD, solid-state detectors are used due to their high sensitivity and high spatial resolution when compared to air-filled ionization chambers. *In vivo* measurements during a few treatment sessions are recommended for some patient groups where a high accuracy in dose delivery is required. These include three-dimensional (3D) conformal RT, intensity-modulated RT (IMRT), or in dose escalation studies.\[[@ref13]\] Although silicon (Si) diodes can perform real-time dose measurements, point dose *in vivo* dosimetry (IVD) with diodes is not suitable for verifying IMRT and arc therapy treatments. Electronic portal imaging device (EPID) dosimetry would be most suited and is currently being developed as a future standard.\[[@ref14]\] The present challenges of EPID-based dosimetry compared to *in vivo* diodes are that commercial solutions are not widely available due to limited availability of dedicated software and additional work is required, e.g., increased time to investigate out of tolerance results.\[[@ref14][@ref15]\] As a result, *in vivo* diodes are likely to remain the mainstay for simple palliative care treatments.\[[@ref14]\]

For radiation dose measurements, a *p*-type Si diode is more reliable compared to an *n*-type diode.\[[@ref3][@ref16]\] Its active volume or die is covered with material both for protection and to provide buildup.\[[@ref9]\] *In vivo* measurements with diodes can be made on the patient\'s surface, in body cavities, or behind the patient.\[[@ref12][@ref17]\] Although adequate buildup prevents contaminant electron dose in combination with its intrinsic dose per pulse dependence,\[[@ref18][@ref19]\] the use of an IVD diode can perturb patient dose due to its buildup layer thickness.\[[@ref5][@ref20]\]

Previous diode-induced dose perturbation studies in megavolt photon beams have employed phantom geometries (such as water tanks or plastic slabs), which differ significantly from patient geometry.\[[@ref4][@ref5][@ref11][@ref20][@ref21]\] Some researchers did Kodak X-Omat-V film dosimetry in a polystyrene phantom for an Isorad p-type diode.\[[@ref10]\] They reported dose reductions ranging from 12% to 30% for photon beams between 4 MV and 18 MV. Under the same measuring conditions, Yaparpalvi *et al.* reported dose reductions of 16% for a 3 cm circular 6 MeV electron field.\[[@ref20]\] Sen *et al.* reported beam attenuations of up to 10% along the central axis (CAX) for 6 MV and 10 MV photon beams, and electron beam dose reductions of up to 25% for 6 MeV electron beams for Isorad diodes.\[[@ref5]\] Alecu *et al.* studied the dose perturbations in a scanning water phantom with three types of Sun Nuclear Isorad p-type diode detectors and found perturbations of up to 13%.\[[@ref4]\]

The aim of this study is to investigate the megavoltage photon beam perturbations induced by an *in vivo* diode detector in combination with prosthesis involvement in a realistic pelvic phantom that contains a titanium implant (the prosthesis), water-equivalent soft tissue, and chemically accurate bony structures. Gafchromic film measurements were performed to address the aim.

M[ATERIALS AND]{.smallcaps} M[ETHODS]{.smallcaps} {#sec1-2}
=================================================

An IBA Dosimetry EDP-20^3G^ diode detector designed and calibrated for photon IVD in the megavolt photon energy range was used to study its dose shadowing effects and prosthesis involvement on its response. This *p*-type diode has a 2.3-mm stainless steel/2.0-mm epoxy resin buildup that is equivalent to 20 mm of water. Photon beams with nominal energies of 6 MV and 10 MV produced by an Elekta synergy linear accelerator were used to measure the dose perturbations induced by the *in vivo* diode on photon beam dose distributions using Gafchromic EBT3 film pieces in a human-like pelvic phantom. The heterogeneous symmetrical phantom that was developed by 3D printing technology is specially designed for film dosimetry, and it consists of stacked 25 water-equivalent Nylon-12 layers equipped with unilateral hip Ti prosthesis, and the bony structures of the pelvic region and lower abdomen as shown in [Figure 1](#F1){ref-type="fig"}. A thorough description of the phantom including its water equivalence is described elsewhere.\[[@ref22]\]

![The human-like prosthesis phantom oriented in the supine position with inserted Gafchromic EBT3 film piece for measurements (film is in direct contact with the prosthesis). When the phantom is placed in the upright position, the measurement plane is at a depth of 11 cm from the top of the phantom](JMP-44-254-g001){#F1}

A single calibrated batch of 35.6 cm × 43.2 cm Gafchromic EBT3 film (Lot \#:05181601) was used to measure the dose perturbations caused by the EDP-20^3G^ *in vivo* diode. Due to the relatively weak energy dependence of Gafchromic EBT3 films over a broad range of beam qualities and modalities used clinically in the megavoltage photon and electron energy range, film calibrations were performed in a 10 MV beam in a similar procedure as reported by Ade and du Plessis.\[[@ref22]\] A rational function of the type:

*X* (*D*) = *A* + \[*B* / (*D* --*C*)\]              (1)

was used where *X (D)* is the optical density (OD) at dose *D* and *A, B,* and *C* are fitting parameters. For the calibration, five 10 cm × 4 cm pieces of film were cut from a single sheet with a small cut marked on each piece to indicate the orientation of the original sheet. The five pieces of film were irradiated inside a 30 cm × 30 cm RW3 slab phantom to various dose values between 0 and 700 cGy. The sequence of monitor units (MUs) set was 0, 200, 400, 800, and 960. Film pieces were placed at 10 cm depth inside the phantom on the CAX of a 10 cm × 10 cm 10 MV photon radiation field at 100 cm source-to-phantom-surface distance (SSD) and irradiated perpendicularly to the 10 MV beam. The film pieces were scanned 24-h post exposure to allow for polymerization.

Films were digitized with an Epson Perfection V330 Photo flatbed document scanner with a resolution of 50 dots per inch (dpi). Each film piece was centered on the scanner bed at 90° before multiple scans of it were taken successively to obtain mean pixel values over an invariant (region of interest = 3 cm × 3 cm) in its center. This avoided OD measurement artifacts near film edges. The process was repeated for all film pieces. Film images were scanned as raw 48-bit RGB (16 bits per color channel) and saved as Tagged Image --File Format (TIFF) image files. The scanned images were processed using the 16 bits red channel. The delivered dose *D* versus measured OD (determined from pixel readings) was then fitted employing the analytical function depicted in Equation (1). The coefficients *A, B*, and *C* were determined utilizing a least-square optimization method and a goodness-of-fit R-squared value of 0.9997 (99.97%) was computed.

For film dose measurements in the prosthesis phantom, the phantom was oriented in the supine position \[Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}\] with film inserted in the measurement plane and in direct contact with the prosthesis as shown in [Figure 1](#F1){ref-type="fig"}. The measurement orientation was along the axial slices of the phantom with the prosthesis located at 8.5 cm depth from the surface. The measurements commenced as follows as indicated in [Figure 2](#F2){ref-type="fig"} and [Figure 3](#F3){ref-type="fig"}: first, CAX film dose measurements for 6 MV and 10 MV photon beams were acquired for single antero-posterior (AP) fields between 2 × 2 and 15 cm × 15 cm at a SSD of 91.5 cm. These were done on the side of the phantom with the Ti prosthesis (prosthetic field) and were repeated on the side without the prosthesis (non-prosthetic field). Second, the above measurements were repeated with diode placed on the surface of the phantom along the CAX of the radiation fields to assess its shadowing effect, particularly for prosthetic involvement. 300 MUs were setup for each field delivered at 100 cm source-to-axis distance placed on the prosthesis, and bone for prosthetic and non-prosthetic fields, respectively.

![Single AP beam setups in the phantom slice for 6 MV and 10 MV photon beam dose distribution measurements with and without an EDP-20^3G^ *in vivo* diode placed on the beam\'s central axis](JMP-44-254-g002){#F2}

![Multi-beam setups for a 10 MV photon beam including lateral opposing fields (a) and four-field box (b) plan. The Ti prosthesis and region of interest representing the prostate are also indicated. Film was inserted in the measurement plane and placed over and in direct contact with the prosthesis as indicated in [Figure 1](#F1){ref-type="fig"}](JMP-44-254-g003){#F3}

The effect of 10 MV multiple photon beams that include lateral opposing fields and a four-field box plan were also measured with Gafchromic EBT3 film for the diode and prosthesis involvement for configurations as outlined in [Figure 3](#F3){ref-type="fig"}. The position of film in the measurement plane for each multibeam setup shown in [Figure 3](#F3){ref-type="fig"} is as indicated in [Figure 1](#F1){ref-type="fig"}. As in the measurement utilizing single beam setups, film dose measurements were done with and without the diodes included in the photon fields. The multibeam plans were generated on an Elekta Monaco treatment planning system (TPS) in a computed tomography model of the pelvic phantom. The target dose was set at 500 cGy for a single fraction. Lateral fields were studied since the treatment of prostate may involve the use of lateral fields when two-dimensional conventional or 3D conformal planning is considered.\[[@ref23]\] IMRT for prostate cancer may also utilize treatment fields that are lateral or close to lateral.\[[@ref24][@ref25]\] The generated treatment plans were then delivered on the Elekta Synergy linac. The phantom was set up with the target positioned at isocenter. The conventional multibeam treatment scenarios comprising the two-field and four-field plans considered in this study were chosen since it is challenging to perform diode dosimetry for modern RT treatment modalities such as VMAT and IMRT. That is, point dose IVD with diodes is not suitable for verifying IMRT and arc-therapy treatments. Diode measurement positions for the conventional multibeam plans are shown in [Figure 3](#F3){ref-type="fig"}.

Irradiated films were scanned after 24 h at a resolution of 50 dpi on the Epson Perfection V330 Photo flatbed document scanner. The scanning orientation of both calibration and measurement films was kept constant by aligning the long axis of the scanner parallel to the long axis of the film. That is, with each film centered on the scanner bed, the film was oriented with its shorter dimension perpendicular to the scanning direction. Landscape orientation (90°) was chosen since it minimizes film orientation effects and the effect of lateral response artifacts on CCD scanners compared to portrait orientation (0°). The resulting images were digitized as raw 48-bit RGB \[red green blue\] (16 bits per color channel) and stored in TIFF. The 16-bit depth red channel values were used in subsequent dosimetry analysis. Measured dose distributions were analyzed by calculating the percentage discrepancies between film dose data obtained in prosthetic and non-prosthetic fields with and without the *in vivo* diode included in the photon fields. Relative differences were then examined to assess the influence of the Ti prosthesis on the diode-induced photon beam perturbations inside the pelvic phantom.

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

Effect of prosthetic fields relative to non-prosthetic fields on diode-induced dose shadow {#sec2-1}
------------------------------------------------------------------------------------------

In the dose range from 145 to 700 cGy, the sensitivity (in terms of net OD per unit absorbed dose) of the studied EBT3 film decreased from 0.003 to 0.001 cGy ^−\ 1^.

Figures [4a](#F4){ref-type="fig"} and [b](#F4){ref-type="fig"} and [5a](#F5){ref-type="fig"} and [b](#F5){ref-type="fig"} show CAX dose distributions for 6 MV and 10 MV beams measured in the pelvic prosthesis phantom. In Figure [4a](#F4){ref-type="fig"} and [b](#F4){ref-type="fig"}, film depth dose curves acquired on the prosthesis and non-prosthesis sides of the phantom, respectively, and plots for the ratio of film dose without the diode to film dose when using it are shown for a 5 cm × 5 cm 6 MV field. In Figure [5a](#F5){ref-type="fig"} and [b](#F5){ref-type="fig"}, 10 MV multibeam film dose data acquired in the phantom for the two-field and four-field techniques, respectively, are shown as well as the differences between dose data measured with and without the diode in the photon fields. In all the figures \[Figures [4a](#F4){ref-type="fig"} - [5b](#F5){ref-type="fig"}\], regions consisting of nylon, bone, and prosthesis indicate where photon beams traverse when incident on the inhomogeneous phantom. The figures show that CAX dose distributions taken with the presence of the *in vivo* diode in the photon fields show dose reductions in the shadow of the diode compared to dose data attained without the diode.

![(a and b) Depth dose data acquired in the human-like pelvic phantom for a 5 cm × 5 cm 6 MV photon beam. Data are shown for (a) prosthetic (with prosthesis), and (b) non-prosthetic (without prosthesis) fields, with and without the EDP-20^3G^ *in vivo* diode on the beam\'s central axis. Also shown are plots for the ratio of film dose without the diode to film dose when using it. The error bars indicate the random fluctuations of the dose ratios due to radiation scatter and measurement uncertainties](JMP-44-254-g004){#F4}

![(a and b) A comparison of 10 MV photon beam dose distributions acquired in the pelvic prosthesis phantom with and without an EDP-20^3G^ *in vivo* diode on the beam\'s central axis. Also shown are plots for discrepancies between dose data obtained without the diode and when using the diode. Data are shown for lateral opposing fields (a) and four-field box (b) treatment plans. Beam setups for these multifield plans including the positions of the diode on the phantom are indicated in [Figure 3](#F3){ref-type="fig"}](JMP-44-254-g005){#F5}

Listed in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} are the photon beam dose attenuations quantified as percentages for all the studied single- and multi-field beam setups, respectively, obtained in the human-like prosthesis phantom due to the shadowing effect of the EDP-20^3G^ *in vivo* diode and prosthesis involvement on the 6 MV and 10 MV photon beam dose distributions. The presented values represent photon beam attenuations or dose reductions in regions of interest in the distal region of the prosthesis where a lesion is usually located for the treatment of deep-seated pelvic tumors with megavoltage photon beams. The attenuation values for the single-field beam setups presented in [Table 1](#T1){ref-type="table"} are specified at a depth of 10 cm, and the dose reductions for the multibeam arrangements tabulated in [Table 2](#T2){ref-type="table"} are averaged over depth in the defined target region from 5 cm to 5 cm, which represents a depth range from 10 cm to 20 cm. Both Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} show dose attenuations acquired on the prosthesis and non-prosthesis sides of the symmetrical pelvic phantom. The uncertainty in the data is within 1% (evaluated as the standard deviation of the average values of three different measurements).

###### 

The extent of dose shadow (percentage) underneath the EDP-20^3G^ *in vivo* diode on 6 MV and 10 MV photon beam dose distributions measured in a human-like pelvic phantom in prosthetic (with Ti prosthesis) and non-prosthetic (without Ti prosthesis) fields

  Field size (cm^2^)   Nonprosthesis side of phantom (%)   Prosthesis side of phantom (%)        
  -------------------- ----------------------------------- -------------------------------- ---- ---
  15×15                \-                                  5                                \-   2
  10×10                8                                   6                                6    5
  5×5                  12                                  7                                7    6
  2×2                  8                                   7                                7    6

The percentages are the mean deviations (at a depth of 10 cm in the distal region of the prosthesis where a lesion is usually located for treatments with high-energy photons) between film dose data acquired along the CAX of the beams with and without the *in vivo* diode in the photon fields. The uncertainty in the data is within 1% (evaluated as the standard deviation of the average values of three different measurements). CAX: Central axis

###### 

Magnitude of dose shadow (percentage) beneath the EDP-20^3G^ *in vivo* diode on 10 MV multi-beam dose distributions measured in a pelvic prosthesis phantom

  Multi-beam plan           Dose shadow in phantom on the (%)   Dose shadow at the target region (%)   
  ------------------------- ----------------------------------- -------------------------------------- ---
  Four-field box            5                                   4                                      4
  Lateral opposing fields   4                                   2                                      3

The percentage values are the mean deviations (averaged over depth on the prosthesis and non-prosthesis sides of the phantom as well as in the target region) between film dose data acquired along the CAX of the beams with and without the diode in the photon fields. CAX: Central axis

To assess the influence of the prosthesis on the diode-induced dose shadow for single-beam setups, the following situations were considered: the ratios of film depth dose data for (1) a non-prosthetic field with diode to same field without diode and (2) a prosthetic field with diode to same field without diode were calculated. Then, relative differences between the relative responses (defined as the ratio of dose data for a prosthetic \[or non-prosthetic\] field with diode to same field without diode) of prosthetic and non-prosthetic field data were calculated, as shown in Figure [6a](#F6){ref-type="fig"} and [b](#F6){ref-type="fig"}, for a 5 cm × 5 cm 6 MV and a 15 cm × 15 cm 10 MV beam, respectively. The calculated relative differences between the dose data in prosthetic and non-prosthetic fields for all single fields are listed in [Table 3](#T3){ref-type="table"}.

![Relative response values (ratio of film dose without the EDP-20^3G^ *in vivo* diode to film dose when using the diode) for prosthetic and non-prosthetic (without prosthesis) fields. Also shown are plots for relative differences between the prosthetic and non-prosthetic field data. Data are shown for: (a) a 5 cm × 5 cm 6 MV beam; and (b) a 15 cm × 15 cm 10 MV beam. The error bars indicate the random fluctuations of the dose ratios due to radiation scatter and measurement uncertainties](JMP-44-254-g006){#F6}

###### 

Relative differences (percentage) between dose shadows as found in the beam with and without the Ti prosthesis

  Field size (cm^2^)   6 MV beam (%)   10 MV beam (%)
  -------------------- --------------- ----------------
  15×15                \-              3
  10×10                3               2
  5×5                  4               2
  2×2                  3               2

The percentage values are mean differences between photon beam dose data determined in the human-like pelvic phantom in prosthetic and non-prosthetic fields, averaged over depth (in the distal region of the prosthesis where a lesion is usually located for treatment with MV photon beams), and along the CAX of the photon beams. The uncertainty in the data is within 1% (evaluated as the SD of the average values of three different measurements). SD: Standard deviation, CAX: Central axis

Effect of prosthetic fields relative to non-prosthetic fields on transmitted diode photons {#sec2-2}
------------------------------------------------------------------------------------------

Tabulated in [Table 4](#T4){ref-type="table"} are *d~50~* depths (the depth at which the absorbed dose falls to half or 50% of its maximum value) for 6 MV and 10 MV beams for the studied single radiation fields ranging from 2 cm × 2 cm to 15 cm × 15 cm. It is observed for both beam energies that deeper *d~50~* depths of 11.5--15 cm are obtained in the non-prosthetic fields compared to shallower *d~50~* depths of 8.7--11.5 cm measured in prosthetic fields. This observation is ascribed to the greater attenuation effect of the higher density implant on the prosthesis side of the phantom compared to the bone inhomogeneity on the nonprosthesis side. [Table 5](#T5){ref-type="table"} shows relative differences between the *d~50~* depths measured in prosthetic and non-prosthetic fields inside the heterogeneous pelvic phantom, illustrating the dosimetric impact of the Ti prosthesis on the photon radiation transmitted through the EDP-20^3G^ *in vivo* diode detector.

###### 

Depths of 50% dose, *d*~50~ (cm) for 6 MV and 10 MV photon beam depth dose curves determined in a heterogeneous pelvic phantom in prosthetic (with prosthesis) and non-prosthetic (without prosthesis) fields illustrating the influence of the Ti implant on the photon radiation transmitted through the EDP-20^3G^ *in vivo* diode detector for various regular fields

  Field size (cm^2^)   *d*~50~ depths (cm) for non-prosthetic fields with and without EDP diode on CAX   *d*~50~ depths (cm) for prosthetic fields with and without EDP diode on CAX          
  -------------------- --------------------------------------------------------------------------------- ----------------------------------------------------------------------------- ------ ------
  10 MV fields                                                                                                                                                                                
   2×2                 14.2                                                                              14.8                                                                          8.7    8.8
   5×5                 13.7                                                                              14.0                                                                          8.8    8.8
   10×10               15.0                                                                              15.0                                                                          8.9    9.1
   15×15               14.4                                                                              14.8                                                                          11.5   11.4
  6 MV fields                                                                                                                                                                                 
   2×2                 11.5                                                                              12.2                                                                          9.2    9.1
   5×5                 12.7                                                                              12.8                                                                          8.7    8.9
   10×10               14.3                                                                              14.4                                                                          9.2    9.5

The data show shallower *d*~50~ depths measured in prosthetic fields due to radiation attenuation by the high-density prosthesis compared to the deeper depths for the non-prosthetic fields. CAX: Central axis

###### 

Relative differences (percentage) between *d*~50~ depths measured in prosthetic (with prosthesis) and non-prosthetic (without prosthesis) fields inside a heterogeneous pelvic phantom illustrating the influence of the Ti prosthesis on the photon radiation transmitted through the EDP-20^3G^ *in vivo* diode detector

  Field size (cm^2^)   Ratios of *d*~50~ depths with and without *in vivo* diode included in photon beams for prosthetic and non-prosthetic fields   Relative differences between prosthetic and non-prosthetic fields (%)   
  -------------------- ----------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------- ---
  10 MV fields                                                                                                                                                                                                               
   2×2                 1.0423                                                                                                                        1.0115                                                                  3
   5×5                 1.0219                                                                                                                        1.0000                                                                  2
   10×10               1.0000                                                                                                                        1.0025                                                                  2
   15×15               1.0278                                                                                                                        1.0088                                                                  2
  6 MV fields                                                                                                                                                                                                                
   2×2                 1.0609                                                                                                                        1.0110                                                                  5
   5×5                 1.0079                                                                                                                        1.0230                                                                  2
   10×10               1.0070                                                                                                                        1.0326                                                                  3

The percentage differences were calculated from the ratios of *d*~50~ depths with and without the *in vivo* diode included in the photon beams for prosthetic and non-prosthetic fields. Data are shown for 6 MV and 10 MV photon beams for various field sizes

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

Monitoring of patient treatment dose, previously calculated by TPSs, is of paramount importance in radiotherapy. Si diode detectors have traditionally been used for IVD applications to perform a final check of the actual radiation dose given to an individual patient at the patient level. Mindful that *in vivo* diodes are likely to remain the mainstay of simple palliative care treatment even in the advent of EPID-based dosimetry,\[[@ref14]\] and that the presence of *in vivo* diodes and metallic interfaces in high-energy radiation fields could perturb the patient radiation dose, this study employed a representative human-like pelvic phantom that contains unilateral Ti prosthesis and bony structures to investigate 6 MV and 10 MV photon beam dose perturbations caused by an EDP-20^3G^ *in vivo* diode in combination with prosthesis involvement for single- and multi-beam setups.

For the studied 2 cm × 2 cm--15 cm × 15 cm single fields \[Figure [4a](#F4){ref-type="fig"} and [b](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}\], the study shows that in the distal region of the prosthesis where a lesion is usually located for treatment with megavoltage photon beams: (1) greater attenuation of a lower-energy photon radiation caused deeper dose shadows acquired for the 6 MV beam compared to shallower values attained for the higher 10 MV beam; (2) although one may expect deeper dose shadows in prosthetic fields compared to non-prosthetic fields due to the higher attenuation effect of the Ti prosthesis compared to bone, the dose attenuations obtained on the prosthesis side of the phantom are lower than those attained on the nonprosthesis side. Such an observation is probably due to the forward scatter dose effect on the exit side (distal interface) of the prosthesis,\[[@ref26]\] which tends to lower or compensate for the dose shadow beneath the diode. Being an interface effect, the forward scatter dose is influenced by secondary electrons released from the Ti prosthesis due to photon interaction processes including Compton and pair production. As [Figure 4a](#F4){ref-type="fig"} shows, there is a rapid increase in dose (dose enhancement) at the distal interface of the prosthesis due to the effect of secondary electron transport across the interface. The enhanced dose then tends to counteract the dose shadow underneath the diode; (3) Figure [4a](#F4){ref-type="fig"} and [b](#F4){ref-type="fig"} also show that the backscatter dose at the proximal nylon-prosthesis interface in reduced when using a diode in the photon fields compared to the case without a diode. This could be attributed to the attenuation effect of the diode which reduces the primary photon radiation reaching the interface before being backscattered, as it was observed in our previous study that the backscatter dose increased with increase in photon energy;\[[@ref22]\] (4) the attenuation effect of the *in vivo* diode and prosthesis involvement shows a small dependence on field size where the dose shadow increases with decreasing field size except for the 6 MV beam for non-prosthetic fields where the dose attenuation increases from a 10 cm × 10 cm field to a 5 cm × 5 cm field, and then decreases again for a 2 cm × 2 cm field.

The field-size dependence of diodes has been observed to vary among different commercial diode detectors, and for diodes with insufficiently thick buildup, electron contamination is a contributing factor.\[[@ref27]\] For a Sun Nuclear Isorad photon diode (with a supplemental brass buildup cylinder of 0.965 g/cm^2^ in thickness and a total buildup thickness of 1.534 g/cm^2^) positioned on the CAX of a 6 MV photon beam, Sen *et al.* reported slight changes in attenuation from 10.1% for a 4 cm × 4 cm field to 9.2% for a 20 cm × 20 cm field size averaged over the depth from d~max~ to 20 cm.\[[@ref5]\] Likewise, Alecu *et al.* reported for a 15 MV beam that the attenuation effect of a Sun Nuclear Isorad photon diode changed from 13.4% for a 5 cm × 5 cm field to 11.6% for a 40 cm × 40 cm field.\[[@ref4]\] The slightly higher attenuation effect for smaller fields is attributed to less scatter due to a smaller volume irradiated.\[[@ref4]\] A larger field size with more radiation scatter will compensate to some extent for the attenuation of the diode. [Table 1](#T1){ref-type="table"} of this study shows that the smallest dose shadow is obtained for the 15 cm × 15 cm 10 MV prosthetic field, which is the largest field studied.

Similar to the results listed in [Table 1](#T1){ref-type="table"}, the data presented in [Table 2](#T2){ref-type="table"} for the 10 MV treatment plans also demonstrate that the dose attenuations measured on the prosthesis side of the phantom are lower than those attained on the non-prosthesis side. Since for IVD an entrance dose measurement at one or more fields would provide an accurate means of checking the prescribed dose delivery to the patient,\[[@ref1]\] the data presented in [Table 2](#T2){ref-type="table"} show the attenuation effect of the *in vivo* diode and prosthesis involvement measured for one treatment field for the lateral opposing fields technique and all treatment fields for the four-field box plan for a single fraction dose of 500 cGy. The results show that for a given 3D conformal RT procedure such as the four-field box technique employing *N* fractionated photon treatments, the target dose would be reduced by approximately 4% at the end of treatment if *in vivo* measurements are performed more frequently using the EDP-20^3G^ diode for every treatment field,\[[@ref26][@ref28]\] and/or for very short courses of fractionated treatments. For instance, the treatment of prostate cancer using hypofractionated radiotherapy is an emerging form of external beam radiotherapy which is an attractive option for low-risk patients who might not be candidates for brachytherapy or who find a 7--8-week course of daily conventional treatment (fractionated doses of 1.8--2 Gy daily fractions) prohibitive because of logistics or costs.\[[@ref29][@ref30][@ref31]\]

Hypofractionated treatment regimens usually deliver radiation doses ranging from 3.5 to 15 Gy per fraction in ≤5 daily fractions.\[[@ref30][@ref31]\] Furthermore, a common and relevant use of IVD with diodes is the control or monitoring of total body irradiation (TBI) which requires detectors at the entrance and exit ports of the irradiation.\[[@ref28][@ref32][@ref33]\] TBI with external megavoltage photon beams may use parallel-opposed AP/PA or lateral fields. One important task of IVD, in this case, is to determine the dose at the dose specification point, usually taken at mid-pelvis or mid-abdomen.\[[@ref33]\] TBI provides a uniform dose of radiation to the whole body, and it can be used to destroy cancerous cells anywhere in the body including solid tumors.\[[@ref32]\] Low-dose TBI uses doses of 2--8 Gy given in one to four fractions, and it is known that fractionated TBI leads to a higher incidence of graft rejection compared to the same dose delivered in one fraction.\[[@ref32]\]

Presented in [Table 6](#T6){ref-type="table"} are various dose perturbation data due to *in vivo* diodes reported in literature for various phantom geometries, dosimetric systems, and photon energies compared to the present study. It is seen that Sen *et al.*\[[@ref5]\] measured average attenuations between 7.5% (for a 10 MV beam) and 10% (for a 6 MV beam) compared with the values of 2%--12% reported in this study for the same beam energies though different diode models.

###### 

Photon dose perturbations due to *in vivo* diodes reported in literature for various photon energies compared to the findings of the present study

  References and diode types                                 Photon energy range (MV)   Phantom and dosimetry system                             Dose perturbations (%)
  ---------------------------------------------------------- -------------------------- -------------------------------------------------------- ------------------------
  Sen *et al*. (1996) Sun Nuclear Isorad diodes              6-10                       Welhofer water scanning system 0.147 cm^3^ ion chamber   7.5-10
  Alecu *et al*. (1997) Sun Nuclear Isorad *p*-type diodes   4-15                       Scanning water phantom 0.1 cm^3^ ion chamber             4-13
  Colussi *et al*. (2001) Isorad *p*-type diodes             4-18                       Polystyrene slab phantom Kodak X-Omat-V film             12-30
  This study (2019) IBA EDP-20^3G^ *p*-type diode            6-10                       Human-like Nylon pelvic phantom Gafchromic EBT3 film     2-12

IBA: Ion beam applications S.A., EBT: External beam therapy

A photon beam depth dose curve basically consists of two regions -- the dose buildup region from the phantom surface to the point of maximum dose *D~max~* and the exponential decline region beyond *D~max~*. Several important points or features can be located on the depth dose curve, for instance: the depth of dose maximum *d~max~*; the depth of 80% dose *d~80~*; and the depth of 50% dose *d~50~*. Neglecting the effects of scattering and inverse square law, the variation of absorbed dose with depth d beyond *D~max~* could be approximated by exponential attenuation *e--\<μ\>*.*(d--dmax)* where *\<μ\>* is the average attenuation coefficient for the heterogeneous beam (and the medium in which measurement of absorbed dose is made) which takes into account the effect of beam quality.\[[@ref34]\] As relative attenuation can be checked by comparing depths at certain percentage of absorbed dose rather than using doses at certain depths,\[[@ref35]\] this study compares the depths of 50% dose for measurements made in the pelvic prosthesis phantom for prosthetic and non-prosthetic fields with and without the EDP-20^3G^ diode included in the photon beams so as to evaluate the influence of the Ti implant relative to bony structures on the photon radiation transmitted through the diode. The results, as listed in Tables [4](#T4){ref-type="table"} and [5](#T5){ref-type="table"}, show that relative differences ranging from 2% to 5% were obtained between prosthetic and non-prosthetic fields, with lower *d~50~* depths were measured for prosthetic fields. Depth dose measurements with and without the diode placed on the CAX of a 10 cm × 10 cm 10 MV field were also made for a simplified homogeneous RW3 plastic slab phantom. Deeper *d~50~* depths of 17 cm and 16.1 cm were measured in the homogeneous phantom with and without the diode placed in the beam, respectively, compared to the shallower depths determined in the heterogeneous pelvic phantom \[[Table 4](#T4){ref-type="table"}\] for the same 10 cm × 10 cm 10 MV field. The results of this study therefore show that: (1) various beam parameters like the *d~50~* depths would vary when measurements are performed using a simplified homogeneous phantom and a realistic heterogeneous phantom and (2) the *d~50~* depths are higher with diode placed on the surface of the phantom along the CAX of the beam than without diode due to a reduction of *D~max~* as well as D~50~ by the diode, thus pushing *d~50~* deeeper into the phantom.

IVD measurements with diodes may be performed for a few treatment sessions and after every change in the treatment procedure,\[[@ref9][@ref13]\] and it is uncommon for some clinics to monitor patient dose on a daily basis for every treatment field for the treatment session.\[[@ref5][@ref28]\] An analysis of uncertainties related to radiation treatments has shown that a dosimetric accuracy of 3% is required to yield a 5% accuracy in the dose delivered to the patient.\[[@ref36][@ref37][@ref38][@ref39]\] Since tumors are generally recognized to have a shallower dose--response effect in comparison with normal tissues, the beam perturbations discussed in this study suggest that to minimize a steep change in tumor response, a dosimetric uncertainty \>3% due to the attenuation effect of the *in vivo* diode, and prosthesis involvement would be unacceptable as a small underdose to tumors could yield a decrease in the probability of tumor control.\[[@ref13]\] Hence, it is evident from the results and discussion that if very short courses of radiation treatments including single fractionated treatment fields are used in the pelvic region as has been reported in a recent study,\[[@ref40]\] patient dose reduction due to the shielding effect of the diode and prosthesis involvement would be \>3%. As the CAX of the primary treatment beam usually passes through the center of the gross tumor volume, an *in vivo* diode (which is usually placed on the CAX of the treatment beam onto the patient\'s skin for entrance surface dose measurements) would reduce the dose in a part of the planning target volume where the highest malignant cell concentration may be expected.\[[@ref4]\] Hence, patients unintentionally receiving a lower, than the intended dose to the target volume may have an increased risk of local failure.

Although entrance surface dosimetry is the most commonly used geometry for conventional IVD with diode detectors, various possibilities can be adopted to reduce the perturbation effect induced by entrance diodes during IVD, such as by varying the position of the diode over the treatment field or by replacing entrance with exit dose measurements.\[[@ref4]\] The former approach could be beneficial to critical structures if the diode is directly positioned above such structures. Hence, the shadowing effect of an *in vivo* diode and prosthesis involvement could have a negative impact on treatment outcome on the one hand if the diode and prosthesis drastically shadow part of a tumor, and a positive effect on the other hand if either or both shield a critical structure in cases where the position of the detector is not varied over the treatment field. The limitation of this study is that compared to simplified flat phantom measurements which might provide additional data on the impact of an *in vivo* diode on the surface dose, the setup of films in the pelvic phantom does not allow one to get useful information on the surface dose at depths \<5 mm in the phantom due to its design. As [Figure 4a](#F4){ref-type="fig"} shows, the surface dose is far below 100%. On the other hand, an advantage of the pelvic phantom is that for studies involving highly-dense inhomogeneities, including metallic interfaces and bony structures, it represents realistic clinical conditions better than simplified homogeneous phantom slabs.

C[ONCLUSION]{.smallcaps} {#sec1-5}
========================

IVD, during a few treatment sessions, are recommended for some patient groups where a high accuracy in dose delivery is required.\[[@ref13]\] *In vivo* measurements with diode detectors represent one of the most important procedures, especially in complex techniques like TBI prior to bone marrow transplantation or other situations with high risk for critical structures such as the bladder and rectum during prostate irradiation. Noting that: (1) fractionated TBI leads to a higher incidence of graft rejection compared to the same dose delivered in one fraction\[[@ref32]\] and (2) the guaranty of delivering the appropriate dose in the target volume is essential for good treatment outcome; it is vital to quantify the beam perturbations produced by detectors used during IVD under various realistic conditions.

This study has investigated the beam perturbations induced by an EDP-20^3G^ *in vivo* diode in combination with prosthesis involvement on 6 MV and 10 MV photon beam dose distributions in a human-like phantom that contains unilateral hip Ti prosthesis. Under the studied conditions using various beam setups, photon dose attenuations ranging from 2% to 7% and from 5% to 12% were determined in the phantom for prosthetic and non-prosthetic fields, respectively, with relative differences between 2% and 4%. In addition, *d~50~* depths ranging from 8.7 to 11.5 cm and from 11.5 to 15 cm were measured in the phantom for prosthetic and non-prosthetic fields, respectively, with relative differences between 2% and 5%. On the basis of accuracy requirements in RT noting that a small underdose to tumors could yield a decrease in the probability of tumor control, the diode-induced beam perturbations in combination with prosthesis involvement in the photon radiation fields may affect RT treatment outcome (especially for hypofractionated or single TBI treatments), as there would be a reduction in tumor dose. This study also shows that the presented heterogeneous human-like phantom would provide beam parameters such as *d~50~* depths which are representative of certain realistic clinical conditions due to the presence and attenuation effect of inhomogeneities compared to a simplified homogeneous slab phantom.
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